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Introduction
ATP-binding cassette (ABC) efflux transporters, such as P-glycoprotein (P-gp; ABCB1), breast cancer resistance protein (BCRP; ABCG2) and multidrug resistance protein 2 (MRP2; ABCC2)
can have a significant impact on the absorption, distribution, excretion, and toxicity of xenobiotics (Glavinas et al., 2004) . Several groups have shown that many tyrosine kinase inhibitors (TKIs) used in cancer therapy are substrates of both ABCB1 and ABCG2 (Burger et al., 2004; Dai et al., 2003; Bihorel et al., 2007; Chen et al., 2009; Lagas et al., 2009; Oostendorp et al., 2009; Lagas et al., 2010) , and found that the interaction with these ABC transporters may affect oral availability and brain accumulation of TKIs.
The TKI sunitinib malate (SU11248; SUTENT) is an orally active, small-molecule ATPcompetitive multi-targeted inhibitor of vascular endothelial growth factor receptors type 1 and 2, the platelet-derived growth factor receptors α and β , the stem cell factor receptor c-KIT, FMS-like TK-3 receptor, and the glial cell-line derived neurotrophic factor receptor (Chow and Eckhardt, 2007) . Sunitinib is approved by the US Food and Drug Administration for the treatment of advanced or metastatic renal cell carcinoma (RCC) and imatinib-resistant gastrointestinal stromal tumors. Sunitinib displays an intrinsically high brain penetration among TKIs, and it is currently being tested in a phase II clinical trial of recurrent glioblastoma multiforme (http://clinicaltrials.gov/ct2/show/NCT00535379).
Following administration, sunitinib is primarily metabolized by cytochrome P450 3A4 to a major and pharmacologically active metabolite, N-desethyl sunitinib (supplemental Fig.1 ) (Houk et al., 2009) . This is further metabolized by cytochrome P450 3A4 to an inactive compound (Adams and Leggas, 2007) . In patients, plasma sunitinib and N-desethyl sunitinib accounted for 42% and 24%, respectively, of the total plasma radioactivity area under the plasma concentration-time curve (AUC) 0-∞ (Adams and Leggas, 2007) . Given that N-desethyl sunitinib has a similar kinase inhibitory effect as sunitinib in vitro and similar plasma protein binding characteristics, the combination of sunitinib plus N-desethyl sunitinib represents the total pharmacodynamically active drug in plasma. N-desethyl sunitinib may thus well account for one This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on as DOI: 10.1124 at ASPET Journals on April 10, 2017 jpet.aspetjournals.org Downloaded from JPET #186908 5 third of the therapeutic effect of oral sunitinib. Previously, we have shown that sunitinib is transported in vitro by human ABCB1, ABCG2, and by murine Abcg2, but not by human ABCC2 or murine Abcc2 . Simultaneous deficiency of Abcb1a/1b and Abcg2, but not single Abcb1a/1b or Abcg2 deficiency, resulted in highly increased brain levels of sunitinib in knockout mouse strains. We also demonstrated in wild-type mice that a clinically realistic oral coadministration of sunitinib and the dual ABCB1 and ABCG2 inhibitor elacridar could result in highly increased brain sunitinib levels . However, little is known so far about the interactions of N-desethyl sunitinib with ABC transporters in vitro, or in vivo after sunitinib treatment.
In view of their expression in pharmacokinetically important organs and broad substrate specificity, we wanted to establish to what extent N-desethyl sunitinib is transported by human ABCB1, ABCG2 and ABCC2 and by murine Abcg2 and Abcc2 in vitro, and what the consequences are for systemic availability and brain accumulation of N-desethyl sunitinib after oral administration of sunitinib as judged in knockout mouse models. We further tested whether these pharmacokinetic parameters of N-desethyl sunitinib could be improved by a clinically realistic coadministration of oral elacridar and oral sunitinib, with the ultimate aim of improving overall therapeutic efficacy of sunitinib and its metabolite. We also aimed to obtain better insight into the factors that determine the relative impact of Abcb1 and Abcg2 on the brain accumulation of N-desethyl sunitinib following sunitinib intravenous administration. This may help efforts to overcome the blood-brain barrier (BBB) for therapeutic purposes.
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7 overexpressing both ABCB1 and ABCG2 to better study the interplay of both transporters in vitro.
Transepithelial transport assays were performed as described previously with minor modifications (Pavek et al., 2005) . Two hours before starting the experiment, cells were washed with prewarmed PBS and preincubated with 2 ml of Opti-MEM either alone or containing the dual ABCB1 and ABCG2 inhibitor elacridar (5 µM), the ABCB1 inhibitor zosuquidar (5 µM), the ABCG2 inhibitor Ko143 (1 µM) or a combination of zosuquidar and Ko143, which were present in both compartments during a 2-h preincubation period and during the transport experiment.
Experiments were started (t = 0 h) by replacing the medium in one compartment (either basolateral or apical) with fresh Opti-MEM medium, either with or without inhibitor and containing 5 µM N-desethyl sunitinib. Cells were incubated at 37 o C in 5% CO 2 , and 50 µl aliquots were taken at t = 2 h and 4 h for determination of drug concentration. Transport was calculated as the fraction of drug found in the acceptor compartment relative to the total amount added to the donor compartment at the beginning of the experiment. Transport is given as mean percentage ± SD (n = 3). Membrane tightness was assessed in parallel using the same cells seeded on the same day and at the same density, by analyzing transepithelial [ 14 C]inulin (3.3 kBq/well) leakage. Leakage had to remain <1% of the total added radioactivity per hour. Active transport was expressed by the relative transport ratio (r), defined as r = percentage apically directed transport divided by basolaterally directed translocation after 4 h. Due to some inter-day variation in transport ratios, we only directly compared transport ratios determined on the same day.
Animals
Mice were housed and handled according to institutional guidelines complying with Dutch legislation. Male wild-type, Abcb1a/1b(-/-) (Schinkel et al., 1997) , Abcg2(-/-) (Jonker et al., 2002) , and Abcb1a/1b(-/-)/Abcg2(-/-) mice all of a >99% FVB genetic background, were used between 10 and 14 weeks of age. Animals were kept in a temperature-controlled environment with a 12-h light/12-h dark cycle and they received a standard diet (AM-II, Hope Farms) and acidified water ad libitum.
This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on as DOI: 10.1124 at ASPET Journals on April 10, 2017 jpet.aspetjournals.org Downloaded from JPET #186908
8

Drug solutions
Drug solutions for sunitinib and oral elacridar were prepared as previously described . For intravenous administration, elacridar hydrochloride was first dissolved in DMSO at 150 mg/ml and further diluted with a mixture of ethanol, polyethylene glycol 200, and 5% glucose (2:6:2, v/v) to obtain a concentration of 4 mg/ml. N-desethyl sunitinib was dissolved in DMSO at a concentration of 50 mg/ml and further diluted with 50 mM sodium acetate buffer (pH 4.6) to yield a concentration of 1 mg/ml. In all used drug formulations drugs and/or modulators were completely dissolved, also during administration to the mice.
Animal experiments
All the animal experiments in which sunitinib was given either orally or intravenously were carried out as previously described . After oral sunitinib administration, multiple blood samples (~50 µl) were collected from the tail vein at 15 and 30 min, and 1, 2 and 4 hr. At 6 hr, blood was collected by cardiac puncture under isoflurane anesthesia. This allowed determination of plasma concentration-time curves for each individual mouse.
Brain accumulation of N-desethyl sunitinib in combination with intravenous elacridar treatment
Values of lower limit of quantification (LLQ) for N-desethyl sunitinib were 7.5 ng/g for the oral sunitinib in combination with oral elacridar brain accumulation experiment and 13.5 ng/g for the BBB efflux transport saturation experiment. This difference was due to an improvement in the detection method to enhance sensitivity during the course of our studies. To circumvent detection problems of N-desethyl sunitinib in brain homogenates, we injected N-desethyl sunitinib (5 mg/kg) directly into the tail vein of wild-type and knockout mice, 15 min after an intravenous injection of either elacridar or vehicle in solution form. Blood and brain were isolated 60 min after N-desethyl sunitinib administration and processed as previously described .
Drug analysis
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Determination of N-desethyl sunitinib and the internal standard, sunitinib-2 H 10 was performed on a sensitive and specific liquid chromatography coupled with tandem mass spectrometry assay. The analytical method that was previously described (Lankheet et al., 2011; Tang et al., 2011) was used for the detection of sunitinib and N-desethyl sunitinib in plasma and brain homogenates. Ndesethyl sunitinib was detected at the transition from m/z 371 to 283 with a retention time of 3.8 min. In case the (usually minor) E-isomer of N-desethyl sunitinib was detected in addition to the main Z-isomer, we report the combined concentration of both isomers. 
Pharmacokinetic calculations and statistical analysis
Results
In vitro transport of N-desethyl sunitinib
Transepithelial drug transport was tested using polarized monolayers of MDCKII parental cells and various ABC transporter-overexpressing derivative cell lines. N-desethyl sunitinib was modestly transported in the apical direction in the parental MDCKII cell line (transport ratio r of 2.1, Fig. 1A ), presumably by the low-level endogenous canine ABCB1. In cells overexpressing human ABCB1, there was clear apically directed transport of N-desethyl sunitinib, with an r of 15.1 (Fig. 1B) . N-desethyl sunitinib was also actively transported by human ABCG2 or murine Abcg2, with transport ratios of 6.0 and 6.6, respectively ( 5 µM elacridar does not modulate ABCC2/Abcc2 activity , and was therefore used to suppress any transport by endogenous canine ABCB1 in cells overexpressing human ABCC2 or murine Abcc2. Under these conditions, we did not observe polarized transport of Ndesethyl sunitinib by either ABCC2 or Abcc2 (Fig 1I and J) .
As we did not observe complete inhibition of ABCG2-and Abcg2-mediated N-desethyl sunitinib transport by elacridar, we investigated whether transport of N-desethyl sunitinib in these cell lines could be completely inhibited with the specific and high-affinity ABCG2 inhibitor Ko143.
The specific ABCB1 inhibitor zosuquidar was added to suppress any contribution of endogenous canine ABCB1 ( Fig. 2A) . N-desethyl sunitinib was actively transported in cells overexpressing human ABCG2 and murine Abcg2, with transport ratios of 13.5 and 20.3 vs 1.0 in parental cells especially mouse Abcg2, a rather unusual observation, as in our experience in vitro transport of most Abcg2 substrates can be completely inhibited by 5 µM elacridar.
N-desethyl sunitinib transport in MDCKII-ABCB1/ABCG2 cells
We tested the relative contributions of human ABCB1 and ABCG2 to N-desethyl sunitinib transport at 5 and 20 µM in the absence or presence of Ko143 and zosuquidar in MDCKII cells simultaneously overexpressing ABCB1 and ABCG2 . Without inhibitor, we measured transport ratios of 13.3 and 16.5 at 5 µM and 20 µM, respectively (supplemental Fig.   2A and B). The ABCG2-mediated N-desethyl sunitinib transport in the presence of zosuquidar was reduced from an r of 9.7 at 5 µM to 5.8 at 20 µM (supplemental Fig. 2C and D) . Upon blocking ABCG2 with Ko143, we observed ABCB1-mediated N-desethyl sunitinib transport ratios of 6.7 and 6.0 at 5 µM and 20 µM, respectively (supplemental Fig. 2E and F). Active transport of N-desethyl sunitinib at both 5 and 20 µM was completely abolished when both Ko143 and zosuquidar were present (supplemental Fig. 3G and H) . Taken together, the contribution of ABCG2 to N-desethyl sunitinib transport is almost equal to that of ABCB1 at 5 µM and 20 µM, although some initial ABCG2 saturation may occur at 20 µM.
Impact of Abcb1 and Abcg2 on plasma pharmacokinetics of N-desethyl sunitinib following oral sunitinib treatment
Since the parent compound sunitinib is given orally to cancer patients, we first studied the plasma concentration of N-desethyl sunitinib over time following oral sunitinib malate administration at 10 mg/kg to wild-type, Abcb1a/1b(-/-), Abcg2(-/-), and Abcb1a/1b(-/-)/Abcg2(-/-) mice. As shown in Fig. 3A and Table 1 , there were no statistically significant differences in oral AUC or C max of Ndesethyl sunitinib between the strains. The metabolite/parent drug AUC ratios ranged between 33% and 40% (Table 1) , and also did not differ significantly between the strains. These ratios are similar to those observed in humans (Shirao et al., 2010) . These results indicate that Abcb1 and Abcg2 do not have a substantial role in, or effect on, the availability, metabolism or elimination of N-desethyl sunitinib after oral sunitinib administration. As shown in Fig. 3B , the relative brain accumulation of N-desethyl sunitinib, determined 6 h after oral administration of sunitinib and corrected for the plasma AUC 0-6h , was not significantly different in Abcb1a/1b(-/-) and Abcg2(-/-) mice as compared with wild-type mice. In contrast, Abcb1a/1b(-/-)/Abcg2(-/-) mice had a 13.7-fold increased brain accumulation (p < 0.05; see also Table 1 ). This indicates that brain accumulation of N-desethyl sunitinib was primarily restricted by both Abcb1 and Abcg2. Apparently, each of these transporters can largely take over the function of the other transporter at the BBB when knocked out. Only when both transporters are simultaneously absent, a large increase in brain accumulation of N-desethyl sunitinib can occur.
Influence of elacridar on N-desethyl sunitinib brain accumulation following oral sunitinib administration
We wanted to assess the effect of elacridar on plasma pharmacokinetics and brain accumulation of N-desethyl sunitinib following oral sunitinib administration, given that elacridar markedly increased the brain accumulation of sunitinib, although not its oral bioavailability . In view of the potential clinical importance of oral application for both sunitinib and elacridar, we administered elacridar (100 mg/kg) orally 2 h prior to oral sunitinib malate (10 mg/kg) to the wild-type and Abcb1a/1b(-/-)/Abcg2(-/-) strains, and assessed plasma and brain Ndesethyl sunitinib levels 1 h later, i.e., around the sunitinib T max (supplemental Table 1 ). As shown in Fig. 4A , N-desethyl sunitinib plasma concentrations were not significantly different among the strains, regardless of administration with or without elacridar. The plasma metabolite-to-sunitinib ratios were not significantly different either (supplemental Fig. 3) . In vehicle-treated mice, brain concentrations of N-desethyl sunitinib in wild-type, Abcb1a/1b(-/-) and Abcg2(-/-) mice were below the LLQ (~7.5 ng/g). However, brain concentrations of N-desethyl sunitinib in Abcb1a/1b(-/-)/Abcg2(-/-) mice were just above this limit. Elacridar treatment increased brain concentrations in wild-type mice to levels equal to those in Abcb1a/1b(-/-)/Abcg2(-/-) mice (Fig. 4B) . The N-desethyl 1.9-fold higher than in wild-type mice (Fig. 5A) . Elacridar treatment increased the N-desethyl sunitinib plasma levels in wild-type mice to levels equal to those in Abcb1a/1b(-/-)/Abcg2(-/-) mice, and significantly higher than in vehicle-treated wild-type mice (Fig. 5B) . Collectively, these data suggest that Abcg2, but not Abcb1a/1b, may contribute to plasma elimination of intravenous N-desethyl sunitinib. In the absence of elacridar, brain concentrations of N-desethyl sunitinib were not significantly different in wild-type, Abcb1a/1b(-/-), and Abcg2(-/-) mice, but they were 13.2-fold increased in Abcb1a/1b(-/-)/Abcg2(-/-) mice compared to wild-type mice (Fig. 5C ).
Intravenous elacridar increased N-desethyl sunitinib brain concentrations (3.3-fold) in wild-type mice as compared to wild-type mice without elacridar, but this level was still 4-fold lower than seen in Abcb1a/1b(-/-)/Abcg2(-/-) mice without elacridar (Fig. 5D) . Surprisingly, the N-desethyl sunitinib brain levels found in Abcb1a/1b(-/-)/Abcg2(-/-) mice pretreated with elacridar were 35% lower than in these mice given N-desethyl sunitinib alone (Fig. 5D ). This suggests some inhibition by elacridar of N-desethyl sunitinib brain uptake. In the absence of elacridar, brain-to-plasma ratios in Abcb1a/1b(-/-)/Abcg2(-/-) mice, but not Abcb1a/1b(-/-) and Abcg2(-/-) mice, were markedly increased as compared to wild-type mice (Fig. 5E) . When looking at brain-to-plasma ratios, the difference between wild-type mice treated with elacridar or vehicle even lost statistical (Fig. 5F , compare white bars). However, the brain-to-plasma ratios of Abcb1a/1b(-/-)/Abcg2(-/-) mice either treated with elacridar or vehicle were still significantly increased as compared with wild-type mice without elacridar (Fig. 5F ). The results indicate that the effect of intravenous elacridar in enhancing brain accumulation of N-desethyl sunitinib is quite limited, and that there may even be some inhibition of N-desethyl sunitinib uptake into the brain. This results in somewhat higher brain concentrations as compared with wild-type mice given N-desethyl sunitinib alone, but far less than the concentrations seen in mice genetically lacking both transporters.
Partial saturation of Abcg2-mediated N-desethyl sunitinib transport in the BBB of mice following high-dose sunitinib
We wanted to study the impact of Abcb1 and Abcg2 on brain accumulation of N-desethyl sunitinib following a high intravenous sunitinib administration (20 mg/kg) in knockout models. Plasma
concentrations of N-desethyl sunitinib in Abcg2(-/-) and Abcb1a/1b(-/-)/Abcg2(-/-) mice, but not in
Abcb1a/1b(-/-) mice, were modestly but significantly higher compared to wild-type mice at t = 10 min (Fig. 6A) . At 1 h, plasma levels of this metabolite had increased relative to 10 min in all strains and the plasma levels in Abcg2(-/-) mice were still significantly higher than those in wildtype mice (Fig. 6B) . 10 min after intravenous sunitinib administration, brain levels of N-desethyl sunitinib were not detectable in wild-type, Abcg2(-/-) and Abcb1a/1b(-/-) mice, but marginally detectable in Abcb1a/1b(-/-)/Abcg2(-/-) mice (Fig 6C) . At 1 h, N-desethyl sunitinib brain concentrations were detectable in all strains, and brain concentrations in Abcb1a/1b(-/-) and Abcb1a/1b(-/-)/Abcg2(-/-) mice, but not Abcg2(-/-) mice, were now significantly higher than those in wild-type mice (Fig. 6D ). Brain-to-plasma ratios were also significantly increased in Abcb1a/1b(-/-)/Abcg2(-/-) mice, but not in Abcb1a/1b(-/-) mice (supplemental Fig. 4A ). Upon highdose intravenous sunitinib administration, the plasma N-desethyl sunitinib-to-sunitinib ratios were lower than after oral administration of sunitinib (10 mg/kg), but not significantly different among all strains except in Abcg2(-/-) mice, which displayed a 1.4-fold increase relative to wild-type mice (supplemental Fig. 4B ). 
Discussion
In this study, we show that N-desethyl sunitinib is actively transported in vitro by human ABCB1, ABCG2 and murine Abcg2, but not by human ABCC2 or murine Abcc2. We also demonstrate in MDCKII cells stably coexpressing human ABCB1 and ABCG2 that the contribution of ABCG2 to N-desethyl sunitinib transport at 5 µM is nearly equal to that of ABCB1. Upon oral sunitinib administration, the plasma AUC 0-6h of N-desethyl sunitinib did not differ among wild-type,
Abcb1a/1b(-/-), Abcg2(-/-), and Abcb1a/1b(-/-)/Abcg2(-/-)
strains. However, we found a profound effect (13.7-fold) on N-desethyl sunitinib brain accumulation when both transport systems were absent from the BBB. In addition, brain concentrations of N-desethyl sunitinib were increased to just above the LLQ by concomitant oral elacridar treatment in wild-type mice. After intravenous administration of N-desethyl sunitinib, Abcg2 deficiency was found to modestly enhance its systemic plasma levels, which may suggest a role in N-desethyl sunitinib elimination. In
Abcb1a/1b(-/-)/Abcg2(-/-) mice, but not in Abcb1a/1b(-/-)
and Abcg2(-/-) mice, the brain levels of intravenously administered N-desethyl sunitinib were highly increased as compared with wild-type mice. Thus, the brain accumulation of N-desethyl sunitinib, similar to that of its parent compound sunitinib, is critically dependent on the efflux activity of both Abcb1 and Abcg2. Intravenous elacridar increased N-desethyl sunitinib plasma and brain levels, but had no significant impact on the brain-to-plasma ratios of N-desethyl sunitinib in wild-type mice.
Our data suggest that there was no substantial role of Abcb1a/1b and Abcg2 in plasma pharmacokinetics of N-desethyl sunitinib following oral sunitinib administration. Accordingly, plasma levels of N-desethyl sunitinib were not substantially changed upon oral coadministration of elacridar and sunitinib (Fig. 4A) . Upon direct intravenous administration, however, plasma levels of N-desethyl sunitinib were 1.9-fold increased in Abcg2(-/-) and Abcb1a/1b(-/-)/Abcg2 (-/-) mice as compared with vehicle-treated wild-type mice, but not in Abcb1a/1b(-/-) mice (Fig. 6A) . suggesting that intravenous elacridar reduces the plasma elimination of N-desethyl sunitinib in wild-type mice, presumably via Abcg2. Similarly, Lagas et al. (2009) demonstrated previously that elacridar can inhibit the systemic elimination of the TKI dasatinib via Abcb1 and/or Abcg2. Our data suggest that a possible systemic elimination contribution of Abcg2 only became apparent at higher plasma levels (which would occur especially shortly after intravenous N-desethyl sunitinib administration), but not at lower plasma levels (after oral sunitinib administration). One could speculate that at low plasma levels, alternative (non-Abcg2) N-desethyl sunitinib elimination processes predominate, but that these become saturated at higher plasma levels. If Abcg2 is not yet saturated at these levels, it will have a much more marked impact on N-desethyl sunitinib plasma concentrations than at lower plasma levels.
Like for many other shared Abcb1a/1b and Abcg2 substrates, the single disruption of Abcb1a/1b or Abcg2 in mice has only little effect on brain accumulation of N-desethyl sunitinib, whereas simultaneous disruption of the two transporters results in a dramatic increase in Ndesethyl sunitinib brain accumulation. This disproportionate effect has led some researchers to envisage a compensatory change with upregulation of one transporter in theBBB of single knockout strains for the other transporter. However, extensive analyses of Abcg2 or Abcb1a expression in brain homogenates of, respectively, Abcb1a/1b or Abcg2 knockout mice as used by us revealed no significant change in the RNA and/or protein levels in either strain (Lagas et al., 2010; de Vries et al., 2007; Jonker et al., 2000) . Moreover, Kodaira et al. (2010) , using specific transport substrates for either transporter, found negligible shifts in brain accumulation of these substrates in the single knockout strains of the complementary transporter. This suggests that there is no substantial change in Abcb1a or Abcg2 activity in the BBB of the FVB background Abcg2 or Abcb1a/1b knockout mice, respectively. Kodaira et al. (2010) further showed that a (physiologically based) pharmacokinetic model of Abcb1a and Abcg2 activity in the BBB could readily describe the seemingly disproportionate effect of the combined disruption of these transporters as compared to the single disruptions, without invoking changes in activity of the remaining transporter. Our data show that the brain accumulation of N-desethyl sunitinib was highly increased in Abcb1a/1b(-/-)/Abcg2(-/-) mice 6 h after oral sunitinib administration. Therefore, we studied the brain accumulation of N-desethyl sunitinib following an oral coadministration schedule of elacridar and sunitinib that might also be feasible in a clinical setting. In this context it is important to note that the plasma exposure level of elacridar used in our study is also achievable in humans, as demonstrated by Kemper et al. (2001) , who showed that a patient receiving 1000 mg of elacridar orally had almost the same elacridar plasma concentrations as mice treated with 100 mg/kg of elacridar orally. Somewhat disappointingly, brain levels of N-desethyl sunitinib were only just above the LLQ under this coadministration scheme (Fig. 4B) . Direct intravenous administration of N-desethyl sunitinib at a dose of 5 mg/kg to wild-type mice resulted in higher brain levels of Ndesethyl sunitinib, but still far lower than those in Abcb1a/1b(-/-)/Abcg2(-/-) mice (Fig. 5A , C and E). The results of Fig. 5D and F suggest that elacridar could not fully inhibit the BBB efflux transporters with respect to N-desethyl sunitinib, resulting in lower brain accumulation as compared to genetic deletion of Abcb1a/1b and Abcg2. Unexpectedly, elacridar treatment in Abcb1a/1b(-/-)/Abcg2(-/-) mice also lowered brain N-desethyl sunitinib levels as compared to vehicle-treated mice, whereas plasma levels were not significantly affected (Fig. 5B, D, F) . One speculative explanation is that this reduction effect might be due to inhibition of putative uptake transporters for N-desethyl sunitinib into the brain. Note that such a reduction was not observed for the parent drug sunitinib .
Even though elacridar is generally an effective inhibitor for ABCB1 and ABCG2 in vitro and in vivo, elacridar has been shown to be a better inhibitor of Abcb1 than Abcg2 in vitro (Allen et al., 2002; Matsson et al., 2009) . We observed complete inhibition of ABCB1-mediated Ndesethyl sunitinib transport, but only partial inhibition of human ABCG2-and especially murine Abcg2-mediated N-desethyl sunitinib transport (Fig. 1C, D, G and H) . Note that, given the apparent difference in sensitivity to elacridar between mouse Abcg2 and human ABCG2, it could be that the effects of elacridar would be more pronounced in humans than in mice. In vivo, we were still able to observe a significant increase in brain concentration in wild-type mice treated with elacridar in combination with N-desethyl sunitinib, but the change in brain-to-plasma ratio This article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on January 11, 2012 as DOI: 10.1124 at ASPET Journals on April 10, 2017 jpet.aspetjournals.org
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was not statistically significant. The increase in the brain concentrations of N-desethyl sunitinib in wild-type mice could therefore be partly due to the increased plasma concentrations in wild-type mice treated with elacridar (Fig. 5B) . Our in vitro finding of poor Abcg2 inhibition by elacridar thus seems to be in agreement with our in vivo findings. Apparently, elacridar is overall not an efficient enough inhibitor of Abcg2-mediated transport of N-desethyl sunitinib. One could speculate that its affinity for Abcg2 is not high enough, as the high-affinity ABCG2/Abcg2 inhibitor Ko143 did completely inhibit transport in vitro. Thus, higher concentrations of elacridar may be needed to fully inhibit Abcg2 than to inhibit Abcb1 in the BBB. For N-desethyl sunitinib, however, increasing elacridar dosage might be counterproductive as we cannot exclude that it might also inhibit brain uptake more strongly.
Our in vitro data with ABCB1-and ABCG2-overexpressing MDCKII cells suggest that the transport contribution of ABCG2 in these cells is almost equal to that of ABCB1 at 5 µM of Ndesethyl sunitinib. Possibly beginning saturation of ABCG2-mediated, but not of ABCB1-mediated N-desethyl sunitinib transport occurs at 20 µM. We have previously observed that plotting inverse transport ratios (AB/BA, or 1/r) obtained with this cell line yields good qualitative correlations with brain penetration data, especially for topotecan and sorafenib, but somewhat less for sunitinib . For its metabolite N-desethyl sunitinib, however, we again found a very good in vitro-in vivo correlation between brain concentration in the various wild-type and knockout strains and transcellular transport data obtained at 5 and 20 µM (supplemental Fig. 5 , compare panels C, D, E and F).
To obtain a better understanding of the relative ability of sunitinib and N-desethyl sunitinib to penetrate the brain, we compared the data obtained in this study with our previous findings for sunitinib (compare Table 1 and supplemental Table 1 ). In wild-type mice, sunitinib has a 2.4-fold higher brain penetration than N-desethyl sunitinib, with a P brain of 1.6 and 0.67 observed for sunitinib and N-desethyl sunitinib, respectively. 6 h after oral sunitinib administration (10 mg/kg), sunitinib brain concentrations are 5.7-fold higher than N-desethyl sunitinib brain concentrations seen in wild-type mice. In addition, elacridar did not completely inhibit transport activity of human ABCG2 and murine Abcg2-mediated N-desethyl sunitinib transport in vitro, suggesting that NThis article has not been copyedited and formatted. The final version may differ from this version. JPET Fast Forward. Published on January 11, 2012 as DOI: 10.1124 at ASPET Journals on April 10, 2017 jpet.aspetjournals.org Downloaded from desethyl sunitinib is a more avid human ABCG2 and murine Abcg2 substrate than sunitinib.
Elacridar increased the brain-to-plasma ratio of sunitinib 12-fold , but that of its metabolite only 1.6-fold in wild-type mice (Fig. 5F ). Therefore, elacridar had a much greater effect on the brain concentration of sunitinib than on that of N-desethyl sunitinib.
To the best of our knowledge, this is the first study demonstrating that Abcb1 and Abcg2 together restrict N-desethyl sunitinib brain accumulation, but not plasma pharmacokinetics of Ndesethyl sunitinib upon oral sunitinib administration. Abcg2 may modestly enhance systemic elimination of N-desethyl sunitinib administered intravenously. Despite its effect on plasma and brain concentrations, intravenous elacridar had no significant impact on brain-to-plasma ratios of N-desethyl sunitinib in wild-type mice. Together with our previous findings on sunitinib, the effect of elacridar is more pronounced for the brain accumulation of sunitinib than for that of N-desethyl sunitinib. Therefore, coadministration of elacridar seems a more attractive strategy for sunitinib than for N-desethyl sunitinib in improving the clinical efficacy against brain metastases and brain tumors positioned behind a functionally intact BBB. 
